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Food security, climate change mitigation, and land use challenges are inter-
linked and need to be considered simultaneously. One possible solution is sus-
tainable intensification, which is the practice of increasing food production
per area of land whilst also reducing the environmental impacts associated
with this. Agroforestry has been stated to be a practice that meets this defini-
tion. In this study, a new methodology is presented to assess the potential of
different  management  options  as  sustainable  intensification  practices.  The
methodology is based on comparing the carbon emissions associated with the
production of food and the carbon sequestered for that same activity for a
particular quantity of food produced over a specific area and over a specific
time. The resulting indicator, the “carbon balance” is the difference between
the greenhouse gasses emitted (considered as negative values) and carbon se-
questered (positive values) estimated in Mg CO2eq per Mg of food produced on
one hectare of land for one year. The carbon balance quantifies the global
warming potential associated with sustainable intensification by integrating a
process-based model with life cycle analysis and is able to estimate above- and
below-ground biomass and soil carbon content. This methodology is tested in
Portugal for wheat production under crop monoculture and agroforestry sys-
tems. The results show agroforestry to be a suitable practice for sustainable
intensification compared to a crop monoculture as it just slightly decreased
wheat yields whilst providing a positive carbon balance from year 50 onwards
of approximately 1 Mg of CO2eq sequestered per Mg of wheat produced.
Keywords:  Climate  Change  Mitigation,  Food  Security,  Land-use  Occupation,
Regulating Ecosystem Services, Soil Fertility, Life Cycle Analysis, Yield-SAFE,
Clipick, Carbon Sequestration
Introduction
The land required for food production oc-
cupies  38%  of  the  total  land  area  of  the
world and agriculture is responsible for 19%
to 29% of total global anthropogenic green-
house gas (GHG) emissions (Foley 2011, Ver-
meulen  et  al.  2012).  The  GHG  associated
with agriculture is  also steadily increasing
due to the need to feed a growing global
population (Tilman et al. 2011). In 2009 the
Food and Agriculture Organization of  the
United Nations (FAO 2009) stated that the
challenges  associated  with  the  reduction
of GHG emissions, food security, and land
use should be dealt with simultaneously on
the  same  land  parcel.  Since  then,  even
though the concept is unclear even for ex-
perts (Petersen & Snapp 2015), sustainable
intensification (SI) has been identified as a
strategy for improving food security while
maintaining  biodiversity  and  ecosystems
services  (Godfray  et  al.  2012,  Godfray  &
Garnett 2014).
Agroforestry is one of the most common
land use practice worldwide (Den Herder
et  al.  2017).  It  consists  of  integrating
woody vegetation with crop and/or animal
production and it has been often referred
to as  an example of  a  SI  practice that  is
able to satisfy food security concerns while
producing  other  benefits  (Glover  et  al.
2012,  Godfray  et  al.  2012).  It  can  provide
higher  yields  of  provisioning  ecosystem
services  (food,  materials,  and  energy)  in
comparison with obtaining the same provi-
sioning ecosystem services from monocul-
ture systems (Graves et  al.  2010,  Torralba
et al. 2016, Crous-Duran et al. 2018). At the
same time agroforestry can reduce soil ero-
sion,  nitrate leaching (Palma et  al.  2007),
greenhouse gas emissions and potentially
achieve net carbon sequestration per unit
of product (Godfray et al. 2012, Vermeulen
et al.  2012).  In Portugal,  agroforestry sys-
tems are extensively found in the form of
the  montado, which combines low density
(less  than  80 trees  per  hectare)  spatially
dispersed  cork  oak  trees  (Quercus  suber)
and holm oak trees (Quercus ilex subsp. ro-
© SISEF https://iforest.sisef.org/ iForest 12: 85-91
(1) Forest Research Centre, School of Agriculture, University of Lisbon, Tapada da Ajuda 
s/n, 1349-017 Lisbon (Portugal); (2) Cranfield University, Cranfield, Bedfordshire, MK43 0AL 
(UK); (3) Basque Centre for Climate Change (BC3), 48940, Leioa, Basque Country (Spain)
@ Josep Crous-Duran (jcrous@isa.ulisboa.pt)
Received: Aug 01, 2017 - Accepted: Nov 10, 2018
Citation: Crous-Duran J, Graves AR, Garcia-de-Jalón S, Paulo JA, Tomé M, Palma JHN (2019). 
Assessing food sustainable intensification potential of agroforestry using a carbon balance 
method. iForest 12: 85-91. – doi: 10.3832/ifor2578-011 [online 2019-01-24]
Communicated by: Piermaria Corona
Research Article
doi: 10.3832/ifor2578-011
vol. 12, pp. 85-91
Crous-Duran J et al. - iForest 12: 85-91
tundifolia) with pasture on which livestock
graze freely. The montado occupies around
0.75 million ha in Portugal and its equiva-
lent  system in  Spain  (dehesas)  around 1.5
million  ha.  The  most  important  product
provided by the montado is cork, and Por-
tugal is the world’s  largest cork producer
with 49.6% of world cork production. The
system provides other provisioning ecosys-
tem  services  such  as  wood,  charcoal,
crops, fodder, meat, dairy products, honey,
mushrooms,  and  medicinal  and  aromatic
plants (Pereira & Fonseca 2003,  Pinto-Cor-
reia et al. 2011,  Moreno et al. 2017). In the
1930s,  in  order  to  increase  internal  food
production,  cereal  cultivation  under  the
trees was promoted, and a silvoarable ver-
sion of the  montado developed. However,
this  intensification  process  (including
mechanisation  and  fertilisation)  occurred
without  considering  the  fragility  and  low
quality of the soils. As a consequence, tree
density was reduced,  the roots of the re-
maining trees  were  affected  and the soil
erosion  increased.  All  together  lead  to  a
general impoverishment of the soils and a
further decrease in crop yields which in the
following years caused the final abandon-
ment of the fields (Pinto-Correia 1993).
Physiological growth models are models
that simulate ecological processes in order
to estimate vegetative growth. These mod-
els  are  useful  in  decision-making  that  re-
lates  to  the  management  of  natural  re-
sources  in  the context  of  climate change
(Cuddington et al. 2013). The agroforestry
model Yield-SAFE is a process-based model
that simulates competition between trees
and crops for water and light. It has been
widely  used in  Europe including for silvo-
arable systems of poplar and cereals in the
UK, Netherlands, Spain, and France (Graves
et al. 2010); cherry tree pastures in Switzer-
land  (Sereke  et  al.  2015)  and  the  Portu-
guese montado (Palma et al. 2014). Recent-
ly,  during  the  AGFORWARD  project  (Bur-
gess & Rosati 2018) the model was further
developed  and  calibrated  for  more  tree
and crop species (Palma et al. 2016, 2017b).
In  this  study  we  have  developed  a  so
called  “carbon  balance  method”  which
quantifies GHG emissions  using Life  Cycle
Assessment (LCA) for estimating the Glob-
al  Warming  Potential  (GWP)  of  crop  and
tree production as well as the positive ef-
fects  of  carbon sequestration.  Applied  to
crop  production,  this  approach  could  be
useful for estimating the SI potential of dif-
ferent  land  management  practices.  The
method follows FAO which advocates  re-
ducing GHG emissions  advice (for  climate
change  mitigation),  increasing  food  pro-
duction  (for  food  security),  and  reducing
land  occupation  (for  reduced  land  use
change) simultaneously by comparing the
level  of  greenhouse  gas  emitted  by  the
practice (using the GWP impact from a LCA
approach) with the carbon sequestered by
the system (using a process-based growth
model) for the same yield of product (Mg
of food) per area of land (hectare). The car-
bon balance of  the product  (in  CO2eq per
Mg of food) provides a means of compar-
ing  the  impact  of  food production under
different  management  practices.  The
methodology  is  tested  by  comparing  the
carbon balance for growing 1 Mg of wheat
in  central  Portugal  using  two  alternative
management  scenarios:  (i)  a  wheat  crop
monoculture;  and  (ii)  a  montado  agrofor-
estry system combining wheat cultivation
with low density cork  oak trees (Quercus
suber L.).
Materials and methods
Definition of management scenario 
options
For this study, two different management
options  for  wheat  cultivation  were  com-
pared: (i) wheat monoculture crop system;
and (ii) montado agroforestry system com-
bining  wheat  production  with  cork  oak.
Growth of both land use alternatives were
simulated  using  the  improved  version  of
the  Yield-SAFE  model  (Palma  et  al.  2016,
2017b).  Both  management  options  were
simulated for Montemor-o-Novo (Portugal
– longitude: 38.72°; latitude: -8.32°). In this
region,  the  most  common  wheat  specie
produced  is  Triticum  aestivum L.  Average
yields from 1990 to 2011 in Portugal were
around 1.4 Mg ha-1 year-1 (Almeida & Maças
2016). In Portugal, wheat is sown in the au-
tumn (November) when temperatures be-
gin to fall. Vegetative growth takes place in
winter and it is harvested in early summer
in  the  first  weeks  of  June,  before  the
hottest months of the year (Rosado 2009).
For this study, the rotation simulated was a
typical wheat-wheat-fallow rotation.
Whilst  the  crop  monoculture  land  use
was  assumed  to  be  planted  on  100%  of
each  hectare,  the  agroforestry  manage-
ment option assumed a crop area that cov-
ered 90% with  10%  of  each hectare being
covered by trees. These were assumed to
be planted at an initial density of 200 trees
ha-1,  and  then  thinned  every  10  years  to
reach a final density of 35 trees ha -1 at year
70.
Global warming potential
The carbon balance method for this study
used the conversion factors  published by
the IPCC (Intergovernmental Panel on Cli-
mate Change – IPCC 2006) and considered
the  GWP  of  different  gaseous  emissions
through a common metric (CO2eq) which in
this study expresses the potential contribu-
tion of gaseous emissions to global warm-
ing over a time horizon of 100 years (GWP
100).
Sources of gaseous emissions were asso-
ciated with the management practices for
wheat  and  cork  oak  (Kramer  et  al.  1999,
Gonzalez-Garcia  et  al.  2013)  including  the
operations  for  the  establishment  of  the
stand,  maintenance  and  growth,  harvest-
ing, and the transport of system products
and workforce.  In agroforestry,  the emis-
sions  from  the  cork  oak  stand  manage-
ment and wheat were considered propor-
tionally  to  the  area  occupied  by  the  tree
and the crop components for field opera-
tions  (10%  and  90%,  respectively)  but  the
same distance was used for the transport
of  system products and the workforce (5
km).
The three main GHG gases included in the
study were carbon dioxide (CO2), methane
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Tab.  1 -  Source  of  greenhouse gas  emissions  from wheat production.  (a):  Rosado
(2009); (b):  Kramer et al. (1999); (c):  Abrahão et al. (2017); (d):  Mäkelä (2002); (e):
IDAE (2005); (g):  IPCC (2006); (h): based on the conversion factor for N fertiliser to
N2O emissions of 2.55% (Rajaniemi et al. 2011).
Input production Quantity GWP 100(kg CO2eq kg-1)
GHG
(kg CO2eq)
Seeds (kg ha-1) 180 a 0.241 b 43.4
Fertiliser (kg N ha-1) 45 2.66 b 119.7
Urea (kg ha-1 – 46% N) 170 a 0.730 c 124.1
Pesticide (kg ha-1) 0.4 c 3.92 b 1.57
Sub total 288.77
Field operations Consumption(l ha-1)
GWP 100
(kg CO2eq l-1)
GHG emissions
(kg CO2eq)
Plough with disc harrows 7 e 2.6 d 18.2
Sowing+Fertilization 8 e 2.6 d 20.8
Weeding with hydraulic sprayers 4 e 2.6 d 10.4
Harvesting+Baling 12 e 2.6 d 31.2
Transport of workers (5km) 1.5 e 2.6 d 3.9
Transport of product (5 km, go empty) 2 e 2.6 d 5.2
Transport of product (5 km, return full) 2.5 e 2.6 d 6.5
Sub total 96.2
Emission from fertilisers N2O emissions(kg N2O )
GWP 100
(kg CO2eq N2O-1)
GHG emissions
(kg CO2eq)
Emission from N fertiliser (45+78.2 Kg N) 3.1 h 298 g 923.8
Sub total 923.8
Total 1321.1
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Agroforestry for food sustainable intensification
(CH4) and nitrous oxide (N2O). These were
assessed for  four  main  sources  including:
(i) the combustion of fuels used in the field
operations; (ii) the emissions related to the
production  and  application  of  fertilisers
and seeds; (iii)  the transport of the prod-
ucts from field to farm; and (iv) soil micro-
bial activity.
For  the wheat systems,  field  operations
included  ploughing  with  disk  harrows  at
the beginning of November and harrowing
at  the  same  time  as  sowing  two  weeks
later. For sowing, a fine grain seeder was
used at a seeding rate of 180 kg ha-1 and Di-
ammonium phosphate (18:46:0) applied at
a rate of 250 kg ha-1. In March, fertiliser was
applied  again  using  170  kg  ha-1 of  urea-
based fertiliser (46% N).  Weeding was ac-
complished by using a single application of
0.4 kg ha-1 of herbicide 2,4-D. A combined
harvester  was  used  for  harvesting  the
wheat (Tab. 1).
In the cork oak agroforestry systems, the
time required for field operations and the
rate  of  fuel  consumption  for  field  opera-
tions  was  established using national  data
(CAOF 2010). Field operations included soil
preparation  to  clear  vegetation,  and  the
ripping and ploughing of all the area. It was
assumed that the ploughing for the wheat
and  for  the  trees  would  be  done  at  the
same time. The trees were assumed to re-
quire  fertilization  at  the  rate  of  125  g  of
NPK (7:21:21) per plant (Gonzalez-Garcia et
al.  2013). During the first year, 20% of the
trees  were  assumed  to  require  replace-
ment  due  to mortality  without additional
fertilizer  being  applied.  Pruning  was  as-
sumed to be required every eight years and
cork debarking every  nine years,  but  this
was done manually and therefore not con-
sidered to be a GHG emission source. Usu-
ally  in  a  cork  oak  plantation,  vegetation
clearing  is  undertaken  every  four  to  five
years, but as wheat is cultivated in the area
between the trees, this operation was not
included here. A petrol chainsaw was con-
sidered  for  pruning  and  thinning  opera-
tions (Tab. 2).
Kramer et al. (1999) reported 0.241, 2.66
and 3.96 kg CO2eq kg-1 for the production of
wheat seeds, nitrogen fertiliser, and pesti-
cides respectively.  GHG emissions derived
from  the  use  of  nitrogen  fertiliser  were
added  to  the  field  operation  emissions,
since approximately 2.55% of N-fertiliser is
converted to N2O (Rajaniemi et al. 2011).
Modelling with Yield-SAFE
The Yield-SAFE model is a process-based
dynamic  model  for  predicting  resource
capture,  growth,  and  production  in  for-
estry,  agroforestry  and  agricultural  sys-
tems (Van Der Werf et al. 2007, Palma et al.
2016, 2017b). The model can be used to es-
timate carbon sequestered by the tree and
crop biomass and the soil using an applica-
tion of the RothC model within Yield-SAFE
(Palma  et  al.  2017a).  The  carbon  seques-
tered was estimated assuming that 50% of
the  biomass  was  carbon.  Biomass  in  this
study  included  above-ground  biomass
(AGB)  and  below-ground  biomass  (BGB)
that is estimated using a root-to-shoot ra-
tio of 0.43 and 0.31 for cork oak and wheat,
respectively (Palma et al. 2014, Siddique et
al. 1990), but excluded output products of
both systems,  including wood from prun-
ing, cork debarked, wheat grain and straw.
Tree leaves and roots and wheat roots af-
ter harvesting were included as inputs for
the soil carbon model. The period of simu-
lation was 80 years and the weather data
used  for  the  simulations  was  extracted
from Clipick (Palma 2017) which uses data
from  the  KNMI  regional  atmospheric  cli-
mate  model  RACMO  ver.  2.2  previously
tested in the country  (Palma et al.  2018).
Cork  oak  and  wheat  parameter  sets  for
Yield-SAFE  were  taken  from  Palma  et  al.
(2014, 2017b).
Carbon balance estimation
The estimation of the Carbon Balance of
the  wheat  and  agroforestry  systems  was
calculated  as  the  difference  between:  (1)
the  amount  of  GHG  emissions  with  GWP
(CO2eq)  emitted by  different  activities and
products used during the growth process;
and (2) the amount of carbon sequestered
in  the  above-  and  below-ground  biomass
and in the soil (Fig. 1). The CO2eq emissions
released from soil  biota were included as
GHG  emission  (soil  respiration).  Results
were  expressed  in  Mg  of  CO2eq Mg  of
wheat grain-1.
Results
Predicted yields of the Yield-SAFE 
model
The average wheat yield over 80 years for
the wheat monoculture was predicted by
Yield-SAFE to be 1.73 Mg ha-1 year -1 (exclud-
ing the fallow years – Fig. 2). This yield was
slightly  higher  than  the  expected  wheat
yield  in  the country  that  is  of  1.4  Mg ha -1
year-1 (Almeida & Maças 2016). The agrofor-
estry  wheat on a  per  hectare crop basis,
compared to the monoculture wheat, had
similar  yields  during  the  first  part  of  the
simulation period (from year 1 to year 30),
slightly lower yields during the middle part
of the simulation period (from year 30 to
year 50), and much lower yields during the
last  part  of  the  simulation  period  (from
year 50 to year 80  – Fig. 2).  However, on
average,  wheat  production  on  the  agro-
forestry system was of 1.53 Mg ha-1  year-1.
The accumulated biomass in the tree com-
ponent was approximately 0.650 Mg tree -1
and this  was  similar  to the above-ground
biomass for trees of the same age in similar
conditions in Portugal (Palma et al. 2014).
Carbon balance
The predicted GWP for wheat of 0.81 Mg
CO2eq Mg of  wheat-1 was close to that  re-
ported by Rosado (2009) for lower average
yields, i.e., 1.08 MgCO2eq Mg of wheat-1. For
cork oak,  Gonzalez-Garcia et al.  (2013) re-
ported a GWP potential from forest opera-
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Tab. 2 - Source of greenhouse gas emissions for cork oak agroforestry management.
(a):  Gonzalez-Garcia  et  al.  (2013);  (b):  Kramer  et  al.  (1999);  (c):  IDAE  (2005);  (d):
Mäkelä (2002); (e): CAOF (2010); (g): IPCC (2006); (h): based on the conversion factor
for N fertiliser to N2O emissions of 2.55% (Rajaniemi et al.  2011);  (*):  the values for
pruning and thinning operation are presented per tree as the total value depend on
the tree density.
Input production Quantity GWP 100(kg CO2eq kg-1)
GHG
(kg CO2eq)
Plants (trees ha-1) 200 - -
Fertiliser (kg N ha-1) 1.75 2.66 b 4.6
Sub total 4.6
Field operations Consumption(l ha-1)
GWP 100
(kg CO2eq l-1)
GHG emissions
(kg CO2eq)
Clearing 6.8 c 2.6d 17.7
Ripping 20.0 c 2.6d 52.0
Plough with disc harrows 9.8 c 2.6d 25.48
Planting+Fertilization Manual - -
Replanting Manual - -
Transport of workers (5 km) 1.5 c 2.6d 3.9
Sub Total - - 99.08
Tree operations Consumption(l tree-1)
GWP 100
(kg CO2eq l-1)
GHG emissions
(kg CO2eq)
Pruning (depends on tree density) 0.26 e 2.3 d 0.6 *
Thinning (depends on tree density) 0.10 e 2.3 d 0.2 *
Debarking Manual - -
Sub Total - - 0.8
Emission from fertilisers N2O emissions(kg N2O )
GWP 100
(kg CO2eq N2O-1)
GHG emissions
(kg CO2eq)
Emissions from N fertiliser (1.75 kg N) 0.04 h 298 g 13.29
Sub Total - - 13.29
Total - - 117.77
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tion  of  1.64  Mg  CO2eq  ha-1 for  a  cork  oak
stand of 100 tree ha-1, whilst in this study,
the GWP from forest operations (including
fertiliser  use)  were 0.49  Mg CO2eq  ha-1, al-
though this was for a final tree density of
35 tree ha-1 and did not include the vegeta-
tion clearing operation that occurred every
3-4 years in Gonzalez-Garcia et al. (2013). In
terms of carbon sequestration of the tree
component  of  the  system,  the  above-
ground  biomass  estimated  in  this  study
was 1.19 Mg CO2eq in year 80 (0.325 Mg C
tree-1). This is similar to Palma et al. (2014)
who used Yield-SAFE and the same carbon
sequestration method for a slightly higher
final  tree  density  (50  trees  ha-1)  agrofor-
estry  system  in  Portugal  and  reported  a
cork oak tree  carbon  content  of  1.32  Mg
CO2eq (0.362 Mg C tree-1) in year 80.
GHG  emissions  from  wheat  field  opera-
tions, and fertiliser, seed and pesticide pro-
duction were the main contributions to the
GWP identified (GHG emissions in  Fig.  3).
For  agroforestry  were  quantified  in  the
range of 0 and 1.34 Mg CO2eq ha-1 depending
on  crop  and  tree  field  operations  (GHG
emissions in  Fig. 3) and of between 0 and
1.4 Mg CO2eq ha-1 for the monoculture sys-
tem, depending if wheat was cultivated or
not.  This  source  of  emission  was  slightly
lower for agroforestry due to the fact that
crop area was also lower (10% less). Respi-
ration from the soil biota activity was also a
source of GHG emissions (soil respiration in
Fig.  3)  and was related to the crop yield:
the soil can act as a sink or as an emitter of
carbon, depending on the quantity of plant
material accumulated in the soil during the
year.  In  the  wheat  monoculture  system,
even in wheat cultivation years, the input
of plant material was not sufficient to off-
set soil carbon loss by respiration, and soil
carbon content decreased by 20% over the
simulation period. By contrast, in the agro-
forestry  system,  additional  input  from
trees (roots and leaves) allowed the soil to
increase the quantity of carbon stored and
therefore act as a carbon sink, and this es-
pecially from year 35 onwards (Fig. 3). The
effects of  the gains or losses in terms of
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Fig. 1 - Methodology used to estimate the carbon balance of a functional unit (Mg of
CO2eq Mg of wheat grain-1) by comparing the estimation of the Yield-SAFE model of the
carbon sequestered by the tree, crop and soil components and the greenhouse gas
emissions derived from fertilizers, pesticides and seed/plants production, field opera-
tions, transport and soil respiration.
Fig. 2 - Tree growth and wheat yields simulated by the Yield-SAFE model for a wheat
monoculture (wheat yield in monoculture) and an agroforestry system (wheat yield in
agroforestry and tree biomass in agroforestry) combining wheat and cork oak trees in
Portugal, compared to the observed average yield in Portugal for the period 1990-2011
by Almeida & Maças (2016 – observed average wheat yield in Portugal).
Fig. 3 - Carbon sources of emissions and storage (in MgCO2eq ha-1) for monoculture (a) and agroforestry (b) management systems
for wheat production including emissions from soil biota respiration (soil respiration), from field operations and fertiliser, seed and
pesticide production (GHG emissions) and carbon sequestered by tree (tree carbon) and stored in soil (total soil carbon content).
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carbon in soil are reflected in the total soil
carbon content  (Fig.  3).  The tree  compo-
nent  (tree  carbon  in  Fig.  3)  of  the  agro-
forestry system was the largest carbon sink
for most of  the simulation period.  During
the thinning years  the amount  of  carbon
stored  in  the  tree  component  was  as-
sumed to be neutral, i.e., there are neither
losses nor gains of carbon in the tree com-
ponent.  This  is  because  in  thinning  years
the tree density is reduced and the remain-
ing  trees  do  not  compensate  the  carbon
losses  derived.  As  these  outgoing  trees
continue to store the carbon even outside
the  system,  it  is  considered  that  during
these  years  there  is  neither  positive  nor
negative tree growth.
Agroforestry for food sustainable 
intensification
The second step of this study was to as-
sess the balance between the GHG emitted
and  the  carbon  sequestered  during  pro-
duction of  wheat in the agroforestry and
monoculture systems. If the same quantity
of wheat is produced on the same area of
land,  with  reduced carbon emissions,  this
can be considered to satisfy the SI process.
The average yield in the agroforestry sys-
tem  (1.53  Mg  of  wheat  ha-1  year-1)  was
found to be slightly lower over the 80 year
simulation  period  than  the  monoculture
yield (1.73 Mg of wheat ha-1  year-1). Results
showed that in the monoculture manage-
ment  option,  the  production  of  1  Mg  of
wheat was associated with a negative car-
bon balance result of 1 Mg CO2eq (Fig. 4). In
agroforestry,  the  production  of  1  Mg  of
wheat was linked to an initial negative car-
bon balance of  around  1  Mg  CO2eq whilst
the trees were small. But as the trees grew
over  time,  the  carbon  balance  improved
and by year 50 became positive, suggest-
ing that agroforestry,  when the trees  be-
come mature, could have a positive carbon
balance of 1 Mg CO2eq for the production of
each Mg of wheat (Fig. 4).
Discussion
The  methodology  presented  here  inte-
grates process-based modelling and LCA so
that changes in practices that could lead to
sustainable  intensification  can  be  evalu-
ated.  This  is  done by comparing the GHG
emissions and carbon sequestration trade-
off  of  a functional  unit,  in  this  study,  the
production of 1 Mg of wheat. Furthermore,
the carbon balance integrates dimensions
that  can  be  used  to  consider  the  three
main challenges for SI  referred to by  the
FAO, which include: (i) food security; (ii) cli-
mate change mitigation; and (iii) land occu-
pation. Producing results in terms of a car-
bon balance per Mg-1 crop ha-1 year-1 helps
to provide an approach that can be used to
make the SI concept more workable, an as-
pect of the concept that has been challeng-
ing (Petersen & Snapp 2015).
In  this  study,  the  results  of  the  carbon
balance for wheat under two different land
management  options  has  confirmed  that
the  agroforestry  option  provided  an  im-
provement over the monoculture because
it: (i) produced similar yields (ensures food
security);  (ii)  helped  with  climate  change
mitigation  (positive  carbon  balance  after
year 50); and (iii)  avoided the need to in-
crease the area of land occupied by agricul-
ture as per hectare yields were similar  to
the monoculture option.
In agroforestry systems the integration of
woody vegetation together with wheat al-
lows the system to make a more efficient
use of natural resources such as light and
water,  resulting  in  higher  land equivalent
ratios  that  can  be  achieved  by  growing
trees  and  crops  separately  (Graves  et  al.
2010). This may be due to complementarity
in the use of  resources or sometimes be-
cause trees may help to retain natural re-
sources such as soil and water, increasing
the amount of energy accumulated and the
provisioning of ecosystem services (Crous-
Duran et al. 2018). However these findings
are also contested (Cubera et al. 2009, Riv-
est et al. 2011,  Torralba et al. 2016). Never-
theless,  the  algorithms  recently  imple-
mented in Yield-SAFE (Palma et al. 2016) at-
tempt to account for the effect that trees
have on buffering minimum and maximum
temperatures whilst reducing wind speeds.
This leads to reduced water losses due to
reduced  evapotranspiration,  enabling  an
extension  of  the  growing  season,  or  at
least  as  in  this  study,  maintain  yields  de-
spite tree competition.
The agroforestry system here was found
to reduce GHG emissions directly.  In fact,
even if the combination of the two activi-
ties  (forestry  and  agriculture)  increased
the  number  of  field  operations  required,
the  reduction  of  area  dedicated  to  crop
and  the  fertiliser  used  reduced  the  total
GHG emitted for the crop area from 1.4 Mg
CO2eq to 1.27 Mg CO2eq ha-1. However, here,
after year 50 of the rotation, a positive car-
bon  balance  was  nevertheless  achieved
and this  was  due to the incorporation of
the  trees  that  after  a  certain  amount  of
time  were  able  to  numerically  offset  the
GHG emissions associated with both activi-
ties  whilst  maintaining  a  similar  level  of
crop production.
The increase in the demand for food has
been met either by increasing fertiliser, ma-
chinery  use,  or  genetic  improvement  (in-
tensification), or by increasing the area of
land  occupied  by  agriculture  (extensifica-
tion).  Both  strategies  have  large  impacts
on  GHG  emissions  and  if  badly  managed
can lead to an impoverishment of soils and
in a reduction of yields as a consequence,
as was the case in the silvoarable montado
in  Portugal  (Pinto-Correia  1993).  Agrofor-
estry is a strategy that can help to increase
food production without requiring the con-
version of new land. As noted by the FAO,
this  is  an  important  aspect  of  intensifica-
tion.
Furthermore,  agroforestry  helps provide
important  environmental  benefits  like  re-
ducing  soil  erosion  (Nair  2007),  nitrate
leaching (Palma et al. 2007, Jose 2009), net
greenhouse gas  emissions  (Godfray  et  al.
2012)  and  improve  biodiversity  conserva-
tion (Torralba et al. 2016), soil enrichment
(Graves  et  al.  2015)  and  enhance  climate
change  mitigation  by  sequestering  more
carbon  in  soils  (Cardinael  et  al.  2017).
Whilst,  not  evaluated in this  study,  these
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Fig. 4 - Differences between carbon emissions and carbon sequestered per ton of wheat produced (carbon balance per Mg of
wheat), per hectare of system occupied by (a) monoculture or (b) agroforestry (carbon balance per hectare) and the cumulative
values (cumulative carbon balance) for two management option for wheat production in Portugal (monoculture and agroforestry). iF
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benefits  strengthen the case for the pro-
motion  and  implementation  of  agro-
forestry systems in Europe as SI practices.
Compared to crop monocultures of trees
and crops,  agroforestry systems can help
to ensure farm profitability  as crop yields
and tree growth are similar or even higher
(García De Jalón et al. 2018), enhance finan-
cial security as production is diversified and
stimulate  rural  economics  through  new
product streams.
In  the  case  of  Portugal,  this  work  sug-
gests that implementation of agroforestry
systems instead of crop monocultures for
wheat  production  is  preferable,  because
this  land use option,  when mature (from
year 50 onwards), could provide a net car-
bon sequestration rate of around one Mg
of CO2eq  for every Mg of wheat produced;
and  even  more  when  considering that  in
the  existent  soil  and  climate  conditions
other agricultural uses would be of difficult
implementation  (Pinto-Correia  1993).  In
Portugal in 2011, the area of wheat produc-
tion  was  276,000  ha  and  the  average
wheat yield was about 1.4 Mg ha -1 produc-
ing  a  total  of  386,400  Mg  of  wheat  per
year (Almeida & Maças 2016). A change of
production  from  crop  monoculture  to
agroforestry could result in substantial car-
bon sequestration in the near future to off-
set  the  GHG  emissions  associated  with
wheat production.
The  carbon  balance  method  presented
here appears to be a useful approach for
evaluating  SI  practices.  In  this  study,  the
method was applied to wheat production
in  Portugal  as this  is  a  significant  crop in
the country and globally. However, the car-
bon  balance  method  could  be  used  for
evaluating  other  provisioning  ecosystem
services, including other crops, meat, tim-
ber, cork, nuts or fruit. The method could
also be applied to forestry and orchard sys-
tems as the base methodologies used (LCA
approach and Yield-SAFE model) are com-
patible.
Conclusion 
This  study  compares  the  carbon  emis-
sions and carbon sequestration to produce
a carbon balance of the product being as-
sessed.  Applied  to  food  production  the
method  here  enables  the  SI  of  different
management options to be compared. The
results  in  Mg  CO2eq Mg  food-1 applied  for
the same area (1 ha of system) and time (1
year)  facilitate  this  comparison.  Positive
values represent net carbon sequestration
whilst  negative  values  represent  net  car-
bon emissions.  The  SI  potential  was  ana-
lyzed for wheat production for two differ-
ent management options, a crop monocul-
ture and an agroforestry system. The crop
monoculture  had  a  negative  carbon  bal-
ance  during  the  entire  simulation  (80
years)  of  around  1  Mg  CO2eq Mg  wheat-1.
Under a cork oak agroforestry system, the
carbon balance was positive from year 50
onwards and for every Mg of wheat pro-
duced 1  Mg of  carbon dioxide equivalent
was sequestered, confirming that agrofor-
estry could be used as a SI practice. 
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